Introduction
============

Plants are constantly exposed to biotic or abiotic stimuli and adjust their growth and developmental patterns to adapt and survive. Members of the fungal genus *Trichoderma* are frequently found in the rhizosphere, a narrow soil zone influenced by roots, where many species establish beneficial interactions with plants either antagonizing phytopathogens or directly influencing morphogenesis ([@B4]; [@B25]; [@B24]; [@B17]; [@B27]).

A complex chemical interaction is established between *Trichoderma* and their plant hosts comprising volatile and diffusible secondary metabolites, small peptides, and/or antibiotics, which influence root growth, branching and absorptive capacity ([@B52]; [@B41]). *T. virens* produces and releases auxinic compounds, including indole-3-ethanol (IET), indole-3-acetaldehyde (IALD), indole-3-carboxaldehyde (ICALD), and indole-3-acetic acid (IAA) ([@B14]), whereas *T. atroviride* and *T. asperellum* produce the volatile 6-pentyl-2*H*-pyran-2-one (6-PP), which modulates plant growth and root system architecture ([@B36]; [@B22]). *T. atroviride* also produces ethylene, and ethylene-related mutants *etr1* and *ein2* show defective root-hair induction and enhanced primary-root growth inhibition when co-cultivated with this fungus ([@B10]). Thus, auxin and ethylene (ET) signaling play a major role in the *Arabidopsis* root developmental response to *Trichoderma.* Furthermore, *Trichoderma* induces plant defense responses and improves crop performance under different stress conditions ([@B44], [@B45]; [@B12], [@B11]; [@B51]; [@B50]; [@B26]).

The rhizosphere is the region where plant roots, soil conditions, and microorganisms interact. While *Trichoderma* root colonization is often of benefit to plants, improves nutrition, and/or enhances the degradation of toxic chemicals, the mechanisms of phytostimulation remain mostly unknown. The rhizosphere physicochemical conditions are the major driving forces influencing microbe proliferation ([@B30]), and no other single chemical soil characteristic is more important in determining the success of plants and soil microbes than pH ([@B7]). Optimum pH for growth varies considerably among plants, but most cultivated species grow well on slightly acid or neutral soils, in which root cells function properly ([@B43]; [@B8]; [@B55]). However, when soil pH becomes more acid (lower than 5.5), root growth is repressed and plant yield decreases, correlating with an increase in toxic levels of aluminum (Al^3+^), manganese (Mn^2+^), iron (Fe^2+^), and protons (H^+^), as well as decrease in the availability of phosphorous (P), calcium (Ca^2+^), and magnesium (Mg^2+^) ([@B62]; [@B35]; [@B19]; [@B55]). An acidic pH further inhibits root cell division and elongation, and compromises meristem cell viability ([@B38]; [@B63]; [@B39]; [@B23]).

In fungi, pH is also an important factor that affects growth, development and competition ([@B1]). Several pathogenic fungi acidify the pH of the growth media such as *Penicillium* sp., *Botrytis cinerea*, *Sclerotinia sclerotiorum*, *Aspergillus niger*, and *Phomopsis mangiferae*; whereas *Colletotrichum* sp, *Alternaria alternata*, and *Fusarium oxysporum* alkalinize it, and this property is strongly involved in virulence regulation ([@B1]; [@B49]). *Trichoderma* spp. grows better in acidic conditions with an optimal growth at pH ranging from 4 to 6, and they can modify the pH of the rhizosphere ([@B60]; [@B57]), but the consequences of fungal-mediated pH changes for root growth and development have not yet been analyzed.

Here, we hypothesized that acidification may play an important role in the configuration of root architecture and phytostimulation elicited by *Trichoderma*. Through detailed characterization of the effects of several *Trichoderma* species on *Arabidopsis* seedling growth, the fungal capacity to acidify the growth medium, the effects of low pH stress on root growth and plant development, as well as testing the responses of selected *Arabidopsis* mutants defective on pH sensing, we demonstrate the critical role of fungal acidification as an early response influencing root morphogenesis and plant growth. Moreover, since lateral root initiation started earlier or in parallel to root tip bending and root stoppage, we propose that a low pH independent program operates at the root pericycle to induce root branching.

Materials and Methods {#s1}
=====================

Plant Material and Growth Conditions
------------------------------------

All plants used in this study were in the *Arabidopsis thaliana* (L.) Heynh., Columbia (Col-0) background. Transgenic *Arabidopsis* lines *DR5::GFP* an auxin-inducible marker ([@B48]); *H2B::YFP* a cell viability marker ([@B6]); *WOX5:GFP* a quiescent center (QC) marker in the root stem cell niche (SCN) ([@B53]); *CycB1:uidA* a marker of mitotic activity, expressed in the G2/M phase of the cell cycle ([@B9]) previously characterized as well as the mutant *stop1* known to show a hypersensitive root response to low pH (salk_114108) obtained from the Nottingham Arabidopsis Stock Centre (NASC), were used for the different experiments. Seeds were surface-disinfected with 95% (v/v) ethanol for 5 min and 20% (v/v) bleach for 7 min, washed five times with distilled water, and stratified for 2 days at 4°C. Seeds were germinated and grown on agar plates containing 0.2X [@B46] medium (MS basal salts mixture, M524; PhytoTechnology), 0.6% sucrose (Sucrose: Ultrapure, MB Grade, 21938; USB Corporation) and 1% Agar (Agar, Micropropagation Grade, A111; PhytoTechnology) at pH 7. The suggested formulation is 4.3 g.L^-1^ of salts for 1x medium; we used 0.9 g.L^-1^, which we consider and refer to as 0.2X MS. For MES (2-(*N*-morpholino)ethanesulfonic acid) treatments it was included in the plant growth medium and the pH was adjusted to 7.0. All experiments were performed in an environmentally controlled growth room with a 16 h photoperiod (300 μmol m^-2^ s^-1^ of light intensity), and 22°C.

Fungal Strain and Culture Conditions
------------------------------------

*Trichoderma atroviride* IMI 206040 was propagated on potato dextrose agar (PDA; Difco), at 28°C for 5 days and then conidia were collected adding a small amount of sterile water into the Petri dishes and scraping the surface of the fungus. For the different experiments inoculation was carried out by placing a drop of a spore suspension containing 1 × 10^6^ spores. In the interaction assays the *Trichoderma* inoculum was placed at 5 cm from *A. thaliana* primary roots germinated and grown for 5 days on agar plates containing 0.2X MS medium. The plates, which included 10 *A. thaliana* seedlings each, were arranged in a completely randomized design. After 3 and 5 days of co-cultivation, plant growth was determined. For acidification experiments *T. atroviride* was inoculated on plates containing MS 0.2X supplied or not with bromophenol blue (0.006%) and analyzed every 24 h for 4 days.

Analysis of Growth
------------------

Growth of primary roots was registered using a ruler. Lateral root number was determined by counting the lateral roots present in the primary root from the tip to the root/stem transition. Images were recorded using a digital camera (Nikon D3300, Osaka, Japan). The length of meristems was determined as the distance from the QC to the cell file where cells started to elongate and measured using IMAGEJ software (National Institute of Health, Bethesda, MD, United States). All experiments were repeated at least twice as indicated in the figure legends and data analyzed in the STATISTICA 10 software ([@B59]). Univariate and multivariate analyses with a Tukey's *post hoc* test were used for testing differences in the experiments. Different letters are used to indicate means that differ significantly (*P* ≤ 0.05).

*Trichoderma* Soluble Metabolites Experiments
---------------------------------------------

*Trichoderma atroviride* was inoculated on Petri plates containing MS 0.2X covered by a sterile cellophane sheet and incubated in darkness for the indicated times in the different experiments. The cellophane was removed together with the mycelium, then *Arabidopsis* seeds or seedlings were germinated or transferred, respectively, onto the plates where *Trichoderma* was pre-grown, and further grown for the indicated times.

Propidium Iodide Staining, GFP, and YFP Detection
-------------------------------------------------

For confocal microscopy, transgenic *A. thaliana* seedlings co-cultivated or not with *Trichoderma* were transferred from the growth medium to microscope slides with propidium iodide (20 μM), used as counterstain. All imaging was done using a Zeiss LSM 510 META inverted confocal microscope (Carl Zeiss, Germany) with either a 20X or 40X objective. GFP was excited with a 488 nm line of an Argon laser and propidium iodide (PI) with a 514 laser line. GFP emission was filtered with a BP 500--520 nm filter and PI emission was filtered with a LP 575 nm filter, or by using a confocal microscope (Olympus FV1000; Olympus Corp., Tokyo, Japan), with a 568-nm wavelength argon laser for excitation, and an emission window of 585--610 nm for propidium iodide and GFP or YFP fluorescence (488 nm excitation/505--550 nm emission, 514 nm excitation/527 nm emission, and 532 nm excitation/588 nm emission, respectively). Ten independent seedlings were analyzed per line, and treatment representative images were selected for figure construction.

Histochemical Analysis of GUS Expression
----------------------------------------

Histochemical β-glucuronidase (GUS) expression was evaluated by incubating the plant tissues in 0.1% X-Gluc (5-bromo-4-chlorium-3-indolyl, β-[D]{.smallcaps}-glucuronide) phosphate buffer (NaH~2~PO~4~ and Na~2~HPO~4~, 0.1 M; pH 7), 10 mM EDTA, 0.1% (v/v) Triton X-100 with 2 mM potassium ferrocyanide and 2 mM potassium ferricyanide for 12 h at 37°C. Plants were cleared and fixed using the method of [@B42]. For each marker line and for each treatment, at least 15 transgenic plants were analyzed.

Determination of Developmental Stages of Lateral Root Primordia (LRP)
---------------------------------------------------------------------

Lateral root primordia (LRP) were quantified 6 days after germination. Seedling roots were first cleared to enable LRP at early stages of development to be visualized and counted. Each LRP was classified according to its stage of development as reported by [@B42]. The developmental stages are as follows. Stage I: LRP initiation (in the longitudinal plane, approximately eight to 10 'short' pericycle cells are formed). Stage II: the LRP are divided into two layers by a periclinal division. Stage III: the outer layer of the primordium divides periclinally, generating a three-layer primordium. Stage IV: an LRP with four cell layers. Stage V: the LRP are midway through the parent cortex. Stage VI: the LRP have passed through the parent cortex layer and has penetrated the epidermis. It begins to resemble the mature root tip. Stage VII: the LRP appear to be just about to emerge from the parent root.

Results
=======

Early Root Responses during *Arabidopsis* Interaction with *Trichoderma*
------------------------------------------------------------------------

To study the early responses of *Arabidopsis* seedlings to *Trichoderma*, we performed time-course experiments of *Arabidopsis* seedlings co-cultured with *T. atroviride*. We found that in the early stages of the interaction, from 24-to-60 h, primary root growth is unaffected (**Figure [1A](#F1){ref-type="fig"}**), and the meristem normally expresses *CyCB1:uidA*, a marker of mitotic activity, and the QC marker *WOX5:GFP*, whose corresponding WT protein is required to maintain the root SCN (**Figure [1B](#F1){ref-type="fig"}**). Nevertheless, *T. atroviride* clearly activated root branching at 60 h of the interaction (**Figure [1C](#F1){ref-type="fig"}**). The number of LRP per plant changed slightly at early stages of the interaction (24 and 48 h). However, such differences were no longer observed after 60 h (**Figure [1D](#F1){ref-type="fig"}**), suggesting that the differences in root branching could be due to an accelerated growth of LRP in response to *Trichoderma*. This was evidenced by analyzing the LRP developmental stages, where a decrease in the number of LRP still at the early stages of development, particularly those at stages III and IV, and an increase in the number of those more developed (stage VII) and emerged lateral roots (ELR), as early as 24 h of co-cultivation was observed (**Figure [1E](#F1){ref-type="fig"}**). These data suggest that *Trichoderma* increases root branching in *Arabidopsis* mainly by inducing the maturation of LRP and not *de novo* formation of LRP, as an early response that occurs independently of primary root growth inhibition.

![**Early responses of *Arabidopsis* to *Trichoderma atroviride***. *Arabidopsis* WT (Col-0) seeds were germinated and grown on agar solidified MS 0.2X medium. Four-day-old seedlings were inoculated with 1 × 10^6^ spores of *T. atroviride* at the opposite side of where seeds were sown and analyzed at the indicated times. **(A)** Primary root length. **(B)** *CycB1:uidA* (left) and *WOX5:GFP* (right) expression after 24 and 48 h of *Trichoderma* inoculation. **(C)** Lateral root number per plant. **(D)** Total lateral root primordia (LRP) per plant. **(E)** Number of LRP per plant after 24 and 60 h of interaction. Stage I: LRP initiation (in the longitudinal plane, approximately eight to 10 'short' pericycle cells are formed). Stage II: the LRP are divided into two layers by a periclinal division. Stage III: the outer layer of the primordium divides periclinally, generating a three-layer primordium. Stage IV: an LRP with four cell layers. Stage V: the LRP are midway through the parent cortex. Stage VI: the LRP have passed through the parent cortex layer and has penetrated the epidermis. It begins to resemble the mature root tip. Stage VII: the LRP appear to be just about to emerge from the parent root. Values shown represent means with SE of at least 30 seedlings. Different letters are used to indicate means that differ significantly (*P* ≥ 0.05). Scale bars = 50 μm. The experiment was repeated three times with similar results.](fpls-08-00822-g001){#F1}

Late Root Responses during Interaction with *Trichoderma*
---------------------------------------------------------

Early root responses of *Arabidopsis* to *T. atroviride* did not evidenced any negative effect. In agreement with a previous report ([@B14]), we observed that *T. atroviride* promoted growth and development of lateral roots. However, after a longer time of interaction (72--96 h), a primary root growth inhibitory effect could be appreciated. Hence, we characterized in detail this late root response and its relationship with lateral root formation.

Inoculation with *T. atroviride* shortened primary roots (**Figures [2A,C](#F2){ref-type="fig"}**) while increasing lateral root number (**Figures [2B,C](#F2){ref-type="fig"}**). Surprisingly, the root tips bent forming a hook. The latter event is followed by inhibition of primary root elongation, stopping at the place where hook formation occurred, before contacting the mycelium (**Figures [2C,D](#F2){ref-type="fig"}**). Unexpectedly, upon prolonged interaction these responses were accompanied by pigmentation and chlorosis of leaves (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). To investigate whether the bending response was specific to *T. atroviride*, we analyzed the root response to different *Trichoderma* species (*T. asperellum*, *T. koningii*, and *T. harzianum*) and about 50 other native soil isolates. Interestingly, this response was similar, regardless of the *Trichoderma* species or isolate tested (representative images are shown in Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}). These results suggest that a common signal released into the growth medium may be sensed by plants, thereof triggering the observed root responses.

To understand the signaling mechanisms involved in the elicited root bending response, and since *Trichoderma* was reported to produce auxins ([@B14]), we analyzed the role of auxin signaling in this process. Like in the case of gravitational stimulation, an auxin- redistribution was observed in the root curvature response to *T. atroviride*, where auxins are redistributed within the root tip and accumulate on one side of the columella root cap cells, as indicated by the expression of the auxin-induced *DR5:GFP* marker (**Figure [2E](#F2){ref-type="fig"}**). This redistribution of auxin likely provokes a reduction of growth on one side of the root, which in turn could lead to the formation of the hook, or causes root growth reorientation. However, the observed redistribution of auxins did not explain the subsequent root growth inhibition, suggesting the involvement of additional fungal signals in root growth inhibition.

![**Effects of *T. atroviride* inoculation on *Arabidopsis* root architecture. (A)** Primary root length. **(B)** Lateral root number. **(C)** Representative photographs of *Arabidopsis* seedlings co-cultivated with *Trichoderma*. **(D)** Root tips of axenic or *Trichoderma* co-cultivated WT seedlings, and *DR5::GFP* seedlings **(E)**. White arrows show auxin redistribution. *Arabidopsis* seedlings were germinated and grown for 5 days on the surface of agar plates containing MS 0.2X medium and then inoculated with *T. atroviride* at the opposite side of the plate and grown for 4 more days. Different letters are used to indicate means that differ significantly (*P* \< 0.05). Error bars represents SE. Scale bars in images **(C--E)** = 1 cm, 500 and 50 μm, respectively. The experiment was repeated three times with similar results.](fpls-08-00822-g002){#F2}

*T. atroviride* Has a Strong Capacity to Acidify the Growth Medium
------------------------------------------------------------------

Even though several studies have shown that pH is an important factor in fungal growth and development, little is known about the impact of fungal-mediated pH changes in root growth. Thus, we first determined the capacity of *T. atroviride* to modify the pH of the culture medium. For this purpose, we inoculated 1 × 10^6^ spores in MS 0.2X medium supplemented with bromophenol blue, which is used as a pH indicator. We found that *T. atroviride* strongly acidifies the medium, which occurs at least in part through proton extrusion in a process that involves vanadate sensitive ATPases, since acidification was strongly reduced by adding increasing amounts of Sodium Orthovanadate (Vanadate, Na~3~VO~4~), a competitive inhibitor of plasma membrane ATPases (**Figure [3](#F3){ref-type="fig"}**). Therefore, media acidification by *Trichoderma* may explain the root bending response and thus, the primary root growth inhibition of *Arabidopsis* plants co-cultivated with *T. atroviride* described above.

![***Trichoderma* induces acidification of the medium**. *T. atroviride* was grown for the indicated times on MS 0.2X medium supplemented with bromophenol blue pH indicator and with or without vanadate at the indicated concentrations. Photographs show representative images of acidification by *Trichoderma*. The experiment was repeated twice with similar results.](fpls-08-00822-g003){#F3}

Acidification Induced by *T. atroviride* Strongly Represses the *Arabidopsis* Growth and Development
----------------------------------------------------------------------------------------------------

To study the effect of *Trichoderma* induced-acidification on plant growth and development, *Arabidopsis* seeds or seedlings were sown or transferred, respectively, onto 0.2X MS growth medium where *Trichoderma* had grown. Interestingly, germination of *Arabidopsis* seeds sown on plates where *Trichoderma* had grown for 96 h was completely inhibited, in contrast with germination on control plates where all seeds germinated and seedlings developed normally (**Figure [4A](#F4){ref-type="fig"}**). Similar results were observed in *Arabidopsis* seedlings in transfer assays in which 4 days old *Arabidopsis* seedlings grown on MS 0.2X were transferred to control media or media where *T. atroviride* had been grown, and allowed to grow for 6 additional days. In this case, we observed that *Arabidopsis* primary root growth and overall plant development were inhibited in *Trichoderma*-treated media, as compared with the continuing growth observed for control plants (**Figures [4B,C](#F4){ref-type="fig"}**). Moreover, when the experiment was repeated allowing *Trichoderma* to grow on a cellophane sheet for 18, 24, 30, or 36 h, we observed a gradual plant response. Evident inhibition was observed when plants were transferred onto media where *Trichoderma* had grown for 30 h, and growth was completely inhibited six hours later (Supplementary Figure [S3A](#SM1){ref-type="supplementary-material"}). Similarly, *Arabidopsis* seed germination occurred when sown on media were *Trichoderma* had been grown for 30 h but growth stopped almost immediately, and no germination was observed by 36 h (Supplementary Figure [S3B](#SM1){ref-type="supplementary-material"}).

![**Effects of acidification induced by *T. atroviride* on seed germination and growth of *Arabidopsis* plants. (A)** Effect on germination. **(B)** Effect on growth of *Arabidopsis* seedlings. **(C)** Primary root length. In **(A)** *Arabidopsis* (Col-0) seeds were sown on medium MS 0.2X pH 7.0 (Control) or medium where *Trichoderma* had grown for 4 days (*T. atroviride*). In **(B)** *Arabidopsis* seedlings were first grown on control medium for 4 days and then transferred to the same growth conditions used in germination assays. Black bars in graph represent the root length at the time the plant was transferred and white bars the root length 6 days after transfer. Different letters indicate means that differ significantly (*P* \< 0.05). Error bars represents SE. Scale bars = 1 cm. The experiment was repeated three times with similar results.](fpls-08-00822-g004){#F4}

To determine if plant growth repression was indeed due to changes in the media conditions provoked by *Trichoderma*, we performed another experiment, in which *T. atroviride* was grown on un-buffered MS (0.2X) medium with initial pH 7 on a side of the plates for 48 h, time in which the growth medium has not been completely acidified by *Trichoderma*, and then *Arabidopsis* seeds were germinated and allowed to grow on the opposite side of the Petri dish. Interestingly, in seedlings that were grown under this condition, root growth orientation was affected, avoiding the area influenced by *Trichoderma*, compared with the normal vertical root growth of untreated seedlings (Supplementary Figure [S3C](#SM1){ref-type="supplementary-material"}). These results indicate that plants may sense the gradual changes in pH and adjust their root growth to escape from strongly acidic conditions.

The Growth Repressing Effects of *Trichoderma* on *Arabidopsis* are Associated with Acidification
-------------------------------------------------------------------------------------------------

All our findings on the root response of *Arabidopsis* to *Trichoderma*, were tightly correlated with the reported effects of low pH on plants ([@B37]; [@B33]; [@B34]). Thus, we evaluated the growth of plants in interaction with *Trichoderma* in pH-buffered media. Under these conditions, primary root growth of *Arabidopsis* seedlings co-cultivated with *Trichoderma* was not inhibited at all, as compared to control plants without *Trichoderma* (**Figure [5A](#F5){ref-type="fig"}**). Moreover, lateral root emergence was strongly stimulated, with 7--8-fold more lateral roots than in plants without *Trichoderma*, which were also much longer than those in the control (**Figures [5B,C](#F5){ref-type="fig"}**). Similar results were obtained in experiments in which *Arabidopsis* seeds were directly germinated (Supplementary Figure [S4](#SM1){ref-type="supplementary-material"}) or seedlings transferred (Supplementary Figure [S5](#SM1){ref-type="supplementary-material"}) to buffered medium (pH 7) where *Trichoderma* had been grown. Thus, buffering the medium eliminated the negative effects caused by *Trichoderma* on un-buffered media. In addition, we tested the toxic effects of low pH provoked by *T. atroviride* on *Arabidopsis* primary roots, to determine if it could be responsible for the observed growth inhibition. For this purpose, we analyzed cell viability by monitoring the expression of the *H2B::YFP* reporter construct (**Figure [6A](#F6){ref-type="fig"}**), which is specifically expressed in the nuclei of living cells ([@B6]), and by using a vital staining with propidium iodide, by confocal microscopy. Further, as root growth is maintained by the SCN, which includes cells of the QC in the root apical meristem ([@B61]; [@B5]), we also followed the status of the QC by monitoring the expression of the reporter construct *WOX5:GFP* (**Figure [6B](#F6){ref-type="fig"}**). Finally, we analyzed the expression of the cell division marker *CyCB1:uidA* (**Figure [6C](#F6){ref-type="fig"}**), which is expressed only in cells in the G2/M transition of the cell cycle in the primary root meristem ([@B9]). In all cases, the expression of each reporter construct was lost in the primary root meristem of plants grown on un-buffered medium in the presence of *Trichoderma*, correlating with primary root growth inhibition (**Figures [6A](#F6){ref-type="fig"}--[C](#F6){ref-type="fig"}**) and a clear pH drop (**Figure [6D](#F6){ref-type="fig"}**). Together, these data indicate that media acidification by *T. atroviride* strongly affects cell viability and cell division in primary roots, consequently impairing meristem functionality.

![**Effects of *T. atroviride* inoculation on *Arabidopsis* growth under buffered medium. (A)** Primary root length. **(B)** Lateral root number. **(C)** Representative photographs of *Arabidopsis* seedlings co-cultivated with *Trichoderma*. *Arabidopsis* seedlings were germinated and grown on MS 0.2X medium buffered with MES 0.12%, after 5 days *T. atroviride* was inoculated at the opposite side of the plate and grown for 4 additional days. Different letters are used to indicate means that differ significantly (*P* \< 0.05). Error bars represents SE. Scale bar = 1 cm. The experiment was repeated three times with similar results.](fpls-08-00822-g005){#F5}

![**Acidification induced by *T. atroviride* impairs the *Arabidopsis* root meristem functionality. (A)** Expression of vital marker *H2B::YFP*. **(B)** Expression of the root quiescent center (QC) marker *WOX5:GFP*. **(C)** Expression of the cell division marker *CycB1:uidA*. **(D)** Estimated pH on the different growth conditions. Five-day-old seedlings of different transgenic lines used were transferred to the indicated treatments and analyzed 24 h later. Photographs show representative images of at least 10 seedlings analyzed per experiment. Scale bars = 50 μm. These experiments were repeated twice with similar results.](fpls-08-00822-g006){#F6}

*Stop1* Response to *T. atroviride* Supports the Role of pH in the Plant--*Trichoderma* Communication
-----------------------------------------------------------------------------------------------------

The *Arabidopsis* mutant *stop 1* (*sensitive to proton rhizotoxicity 1*) is well-known to be hypersensitive to low pH ([@B32]; [@B54]). Therefore, we evaluated whether *stop1* was also oversensitive to *T. atroviride* or not. Interestingly, in the presence of *Trichoderma*, the primary root of the *stop1* mutant stopped growing much earlier than WT *Arabidopsis* seedlings (**Figures [7A,B](#F7){ref-type="fig"}**), but root bending was not observed (**Figure [7B](#F7){ref-type="fig"}**). It is likely that the root tip of the *stop1* mutant could not bend or form a hook, because of its greater sensitivity to low pH. Indeed, the primary root tip of the mutant showed clear signs of deterioration. This sensitivity was more clearly confirmed in two independent experiments in which *T. atroviride* had been grown for 27 h on the plant growth media supplied or not with MES buffer (**Figure [8](#F8){ref-type="fig"}**). As shown in **Figure [8](#F8){ref-type="fig"}**, primary root growth of the *stop1* mutant was significantly reduced both at 10-dag (**Figure [8A](#F8){ref-type="fig"}**) and 3-days after transfer (dat) (**Figure [8B](#F8){ref-type="fig"}**). In both cases exposure to *T. atroviride* resulted in primary root growth similar to that observed at pH 4.7. In addition, we determined the effects of these treatments on cell division and elongation by measuring the primary root meristem size and length of fully developed cortical cells at the differentiation zone of 5 days old WT and *stop1 Arabidopsis* seedlings 48 h after transfer. Strong primary root growth inhibition of WT and *stop1* seedlings under low pH (4.7) and *T. atroviride* treatment correlated with smaller cortical cells and a smaller primary root meristem (Supplementary Figure [S7](#SM1){ref-type="supplementary-material"}). None of the negative effects caused by *Trichoderma* on the *stop1* mutant on un-buffered media was observed when media was buffered with MES (**Figure [8](#F8){ref-type="fig"}** and Supplementary Figure [S6](#SM1){ref-type="supplementary-material"}). The sensitivity of the *stop1* mutant to *Trichoderma* indicates that the transcription factor STOP1 is involved in mediating the *Arabidopsis* root responses to media acidification by *T. atroviride.*

![**Effect of *T. atroviride* on growth of *Arabidopsis* WT and *stop1* mutants. (A)** Six-day-old *A. thaliana* WT seedlings and *stop1* mutant were co-cultivated with 1 × 10^6^ spores of *T. atroviride*, by placing the fungus on the opposite side of the Petri plate, where seeds were sown. **(A)** Effect on primary root length. **(B)** Photographs of WT and *stop1* seedlings. Different letters indicate means statistically different at *P* \< 0.05. Error bars represents SE. Scale bars = 1 cm and 500 μm. This experiment was repeated three times with similar results.](fpls-08-00822-g007){#F7}

![**Sensitivity of *stop1* to acidification induced by *T. atroviride*. (A,B)** Primary root length. **(A)** Seeds were germinated and grown directly under the indicated conditions or **(B)** on a pH 7.0 medium for 4 days and then transferred to the indicated treatments and analyzed 3 days after transfer. BT and AT in graph **(B)** indicate the root growth before and after transfer, respectively. Different letters in graphic indicate means statistically different at *P* \< 0.05. This experiment was repeated twice with similar results.](fpls-08-00822-g008){#F8}

Discussion
==========

The beneficial effects of *Trichoderma* on plants such as stimulation of growth, nutrient uptake, induction of defense responses, and indirectly due to its mycoparasitic activity have been widely documented ([@B2]; [@B4]; [@B25]; [@B56]; [@B16]; [@B41]). In this study, we show that *Arabidopsis* growth promotion is clearly observed during the early stages of the interaction and that acidification by *Trichoderma* plays an essential role in the *Trichoderma*-plant interaction.

Growth promotion effects of *Trichoderma*, reflected in root branching patterns and its correlation with plant biomass production have been studied to some extent but are not yet well understood. The participation of auxins in modulating these effects is supported by the induction of the expression of the auxin-inducible marker gene *DR5:uidA* in roots and shoots of WT plants and by the reduced response of *Arabidopsis* mutants affected in auxin transport or signaling to *Trichoderma virens* ([@B14]). Although *Trichoderma* produces auxins and other diffusible compounds, which may modulate plant growth and development, the whole phytostimulation program may not solely or completely be explained by an auxinic mechanism, since IAA production is strain dependent and can be affected by diverse external stimuli ([@B47]). Furthermore, some *Trichoderma* strains inhibit the auxinic root response of *Arabidopsis* primary roots ([@B47]). In this regard, recent findings suggest that growth promotion induced by *Trichoderma* during the early plant--*Trichoderma* interaction stages could be attributed mostly to volatile organic compounds (VOCs) more than to the release of auxins or other diffusible compounds by the fungus. Exposure of plants to VOCs of different *Trichoderma* species have been found to stimulate plant growth, chlorophyll content, and plant size and biomass, which could be correlated with an enhanced soil exploratory capacity, better rooting and an enhanced capacity to take up nutrients and water ([@B29]; [@B15]; [@B40]; [@B47]). It is noteworthy, that we found that longer interaction times with *Trichoderma* had clear detrimental effects on primary roots compared with untreated plants, such as root tip bending and growth inhibition, which correlate with anthocyanin-like pigmentation of leaves and the eventual development of leaf chlorosis. Anthocyanin production in leaves has been found to occur as consequence or parallel effect of plant defense induction in response to *Trichoderma* ([@B12]). Based on our findings, we suggest that anthocyanin accumulation could be related with a plant response to acidification by *Trichoderma* rather than to the induction of the plant defense response.

Rhizosphere acidification by *Trichoderma* spp. particularly *Trichoderma harzianum* strain T-22, has been reported in a couple of studies, one of them performed by [@B2], which investigated the fungal capacity to solubilize, *in vitro*, insoluble or sparingly soluble minerals by acidification of the medium. In their report the authors indicated that *Trichoderma* acidified the medium, but concluded that acidification was not the major mechanism of solubilization of insoluble minerals. Similarly, [@B58] found that *T. harzianum* T22 acidified the growth medium and that this may account for its beneficial effects on plants under hostile growth conditions. More recently, medium acidification by *T. atroviride* and *T. virens* was also observed in co-cultivation experiments with *Arabidopsis*, a phenomenon that was correlated with the plant promoting effects exerted by *Trichoderma* on *Arabidopsis* seedlings ([@B13]).

It is known that plants can naturally acidify the rhizosphere to improve nutrient availability or uptake, and this may be particularly relevant in alkaline calcareous soils in which phosphate and iron are very limiting, but only a slight acidification can be beneficial for plant growth and development in soils with neutral or slightly acid pHs ([@B43]; [@B28]), while strong acidification negatively affects plant growth. Here, we found that *T. atroviride* strongly acidified the medium, through a process mediated at least in part by H^+^-ATPases, because the addition of sodium orthovanadate (Na~3~VO~4~), an ATPase inhibitor reduced acidification in a dose-dependent manner. Our data indicate that media acidification by *Trichoderma* has a clear detrimental effect on *Arabidopsis*, affecting plant development, from seed germination to root and shoot growth. These findings are consistent with the effects of low pH reported in various studies, where acidity was found to affect *Arabidopsis* root growth ([@B38], [@B37]; [@B33]), and inhibit seed germination of different plants ([@B18]; [@B65]). Thus, the inhibitory effects observed on *Arabidopsis* seedlings in co-cultivation with *T. atroviride* may be explained by a high level of acidification. Furthermore, when the *Arabidopsis*-*Trichoderma* experiments were carried out under buffered conditions, a clear increase in growth promotion by *Trichoderma* was observed, and the negative effects (i.e., germination and growth inhibition) were negligible, restoring completely plant growth. These results correlated with the expression of different markers used to test root meristem functionality as well as with pH levels observed under the different growth conditions. Similar detrimental effects on *Arabidopsis* root growth were recently reported for certain *Trichoderma* strains ([@B47]). Although, the authors associated this response with an impaired auxin signaling, in our view, root growth repression may rather be a consequence of loss of root meristem functionality caused by acidification.

Low pH stress is related with Al toxicity, because at low pH the highly toxic Al^3+^ severely affects plant growth. However, increasing evidence supports that toxic H^+^ and Al^3+^ elicit different adaptive mechanisms in plants ([@B55]). In bacteria and fungi, different pH-signaling pathways have been identified ([@B3]; [@B64]), but in plants no specific mechanisms for pH sensing have been reported. The transcription factor *STOP1* is one of the very few regulators of gene expression in plant responses to Al^3+^ and low pH stress ([@B32]; [@B54]). Accordingly, we found that the *Arabidopsis* mutant *stop1* showed higher root growth repression when co-cultivated with *Trichoderma* than WT seedlings, evidenced by a shorter primary root and absence of root bending or hook in the root tip. Such oversensitivity was confirmed in experiments where the WT and the *stop1* mutants were grown in medium supplemented with MES buffer, in which *Trichoderma* had been grown, supporting a role of pH as a signal in the interaction of *Trichoderma* with plants. Taken together, these results suggest that the pH status could be sensed by roots to activate a signaling cascade that modulates root growth and its orientation, and possibly, to activate lateral root initiation.

A recent report demonstrated that the inhibitory effects of low pH on root growth are mediated by an adaptive plant response rather than by a direct toxic effect of H^+^, because direct root exposure to low pH, suppressed root growth and caused high cell death, while roots exposed gradually to the low pH stress stopped growth but maintained cell viability ([@B23]). Although the molecular components mediating the root responses to pH or their possible link with auxin signaling are currently unknown, the idea of pH as a signal in plant--microbe interactions is supported by global gene expression analyses, which showed that low pH alters the expression of genes related to auxin signaling, pathogen elicitors, and defense-associated hormones. It is possible that pH-sensing and Ca^2+^ signaling may be mediated by proton effects on inward rectifying K^+-^channels or via a pH specific sensor ([@B39]). The fact that the *Arabidopsis aux1-7* mutant is hypersensitive to low pH, suggests an important role of auxin transport in root growth response to acidification ([@B31]), and since the same mutant had a reduced response to *T. virens* inoculation in terms of shoot biomass production and lateral root development ([@B14]), we propose that normal auxin transport is important for plant growth and root adaptation to low pH following *Trichoderma* inoculation. In addition, the nitrate transporters *NRT1.1* and *OsNRT2.3b* are involved in H^+^ resistance in *Arabidopsis* and rice, respectively, a phenomenon that depends on their nitrate uptake activity ([@B21]; [@B20]). The relationship of *Trichoderma* with nitrate nutrition of plants represents an interesting research avenue to follow.

Conclusion
==========

This report provides compelling evidence that root sensing of pH mediates the interaction of *Trichoderma* with plants. Rhizosphere acidification by *Trichoderma* may influence the root developmental response to auxins, VOCs, and other bioactive molecules and stimulate or repress different plant processes in a plant specific manner and depending upon the soil characteristics (**Figure [9](#F9){ref-type="fig"}**). We have further identified STOP1 as a critical factor in mediating root adaptation to fungal-induced acidification, which might act in a pathway involving auxin signaling and transport, where AUX1 links acidity to growth responses and plant adaptation to H^+^ stress. These data may help in the management of *Trichoderma* based strategies for crop improvement, and may aid in the identification of more efficient *Trichoderma*-strains for their use in bio-fertilizers or bio-inoculant formulation to increase plant growth and yield.

![**Model for the interaction of *Trichoderma* with plants**. Rhizosphere acidification by *Trichoderma* together with auxins, VOCs, and other bioactive molecules reconfigure root architecture and may promote or impair plant growth depending upon soil pH conditions. STOP1 and AUX1 likely act in a root pH sensing pathway to adapt the root system to the acidification likely via lateral root production.](fpls-08-00822-g009){#F9}
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